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INTRODUCTION

The neutrophil is necessary for host resistance to infectious
disease.

It helps to protect the host by clearing the blood stream of

foreign matter.

The production of inflammation, necrosis and fever

which rids the body of disease is largely determined by the neutrophil.
The inflammatory process in humans as a defense against microbial
invaders consists of eight distinct events in the neutrophil, ranging
from the ability to stick to vessel walls to the disposal of ingested
foreign particles (Hirsch, 1965).
When the various microbicidal systems of the human tissues are
considered, it becomes evident that the major determining factor in
disease is not exposure to the parasite, but host resistance (Hirsch,
1960).

Lowered resistance to disease can be caused by various factors.

Three types of genetic defects which involve events of the inflammatory
process in the polymorphonuclear leukocyte have been described (Douglas,
1970):

(1) defects in leukocyte chemotaxis, (2) defects in phagocytosis,

involving opsonizing ability of the individual, and (3) defects in
leukocyte ability to kill bacteria once it is within the cell.

Certain

drugs such as sodium polyanetholesulfonate (Belding & Klebanoff, 1972),
and hydrocortisone (Mandell et al., 1970), are known to inhibit anti
microbial functions of the leukocyte in vitro.

Migration, phagocytosis

(Suter, 1956) and bactericidal activity (Sbarra et al., 1971) of the
leukocyte are impaired by irradiation.
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It is interesting to note the role of diet in host defense.
Studies by Kijak et al. (1964) compared phagocytosis in. diabetic and
normal subjects.

In diabetic subjects the ability of neutrophils to

ingest Staphylococcus epidermldis was lower in subjects with elevated
blood glucose than in subjects with controlled blood glucose.

In

normal subjects the number of bacteria engulfed decreased as increasing
amounts of glucose were ingested.

Reeser (19/1) further demonstrated

that different sources of carbohydrate can depress leukocyte phagocyto
sis for at least five hours.

Fasting seems to enhance phagocytosis.

It is possible that events in the inflammatory process of the leukocyte
other than phagocytosis are altered by the ingestion of foods.
With this in mind, a study was undertaken to determine whether
glucose ingestion had an effect on the bactericidal activity of the
leukocyte.

Blood from patients undergoing the glucose tolerance test

was used to compare the bactericidal activity of leukocytes under
fasting conditions and the bactericidal activity of leukocytes two hours
following an oral dose of glucose.

REVIEW OE LITERATURE
A.

The Polymorphonuclear Neutrophil
1.

Characteristics
Blood cells originate in the mesenchyme of the embryo from which

the reticular cell, the parent cell of all blood cells, is formed.

In

the red bone marrow this cell goes through a series of immature stages
to become a granulocyte, any cell which contains neutrophilic, eosino
philic, or basophilic granules (Best et al., 1969; Levinson & MacFate,
1969).

Basophils comprise from 0 to 2 per cent of the total leukocytes;

eosinophils make up from 1 to 7 per cent of the leukocytes.

Neutro

philic granulocytes, usually the most abundant of the leukocytes.
represent from 35 to 74 per cent.

Granulocytes require from 1 to 1%

weeks for development; they pass through the blood and ultimately die in
the tissues in less than 12 hours (Best et al., 1969) with a half life
of 6 hours (Hirsch, 1965).
The neutrophil is an irregularly-shaped cell that exhibits active
ameb oid movemen t.

It is from 12 to 15 micrometers in diameter as

viewed microscopically after preparation with supravital stain.

It has

a clear, plentiful cytoplasm which contains very small vacuoles, fine,
but rarely present mitochondria, and a lobulated nucleus that has no
nucleolus.

Under Wright's stain numerous small granules are evident in

the cytoplasm.

The purplish-blue nucleus has from two to five or more

lobes joined by thin strands of chromatin (Altman & Dittmer, 1961).

3
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Hence polymorphonuclear leukocyte, the term for this cell, and techni
cally for all granulocytes.

Small Golgi bodies are frequently seen in

neutrophilic cytoplasm; but, there is little or no endoplasmic
reticulum.

Abundant glycogen is found in small dense dots (Hirsch,

1965).
2.

The inflammatory response
After a series of experiments on invertebrates and vertebrates

designed to explain the cause and purpose of inflammation, Elie
Metchnikoff in "Lemons sur la pathologic compar£e de 1Tinflamination"
(1892) was able to show a relationship between "phagocytic" activity of
leukocytes and resistance of the organism to disease.

The cellular

aspect of host defense as described by Metchnikoff has suffered few
changes and since, has had many additions (Gay, 1935).

The neutrophil

plays a central part in the inflammatory response of the human by
resisting microbes that cause infectious disease, by phagocytizing
antigen-antibody precipitates, and foreign matter in the blood and by
helping to produce inflammation, necrosis and fever to rid the body of
disease (Hirsch, 1965).
The inflammatory reaction in the neutrophil itself consists of
eight distinct events (Hirsch, 1965).

(1) The first step is margination

or sticking of the neutrophils to the lining of blood vessels, one
another, or foreign substances.
surface charge.

In serum, neutrophils have a negative

Divalent cations and sometimes plasma proteins are

required for sticking.
(2) Neutrophils exhibit locomotion, the ability to crawl about on
blood vessel walls, in tissues, or on foreign surfaces, commonly in a
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zig-zag pattern.
(3) The neutrophils have the ability to emigrate from capillaries
and venuleis into tissues.
(4) Chemotaxis is directed locomotion toward or away from an
object.

The neutrophil loses its random pattern of movement and moves

in a reasonably straight line once it is within range of an object to
which it is attracted.
(5) Phagocytosis is probably the most striking of the neutrophilic
functions.

It is an active process, requiring energy from glycolysis.

In order to ingest a particle from the surrounding environment, the
neutrophil makes firm contact with it.

The contact area slowly spreads

around the particle until, at the distal end the membranes meet and
fuse.

The nature of the surface of the particle to be phagocytized

determines whether or not firm contact is made.

S ubstances in the

serum called opsonins necessarily act on many bacteria to make them
susceptible to ingestion (Kapral, 1965).

Phagocytosis proceeds best

under hypotonic conditions over a pH range of six to eight.
cations are required.
influence phagocytosis.

Divalent

The contour of the physical environment can also
Surface phagocytosis is the phenomenon by which

neutrophils trap particles in corners and between cells to engulf them.
(6) The closing of the phagocytic vacuole around an ingested
particle is accompanied by degranulation, or release of enzymes from the
cytoplasmic granules into the membrane-bound pouch.

Neutrophilic

granules are similar to liver lysosomes, except that they contain in
addition to proteinase, phosphatase, nucleases, nucleotidase.
3-glucuronidase and arylsulfatase, the antibacterial substances
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phagocytin and lysozyme.
(7) Soon after bacteria are taken into the cell, they are inactiv
ated .

Streptococci held within neutrophils for fifteen minutes or

longer are usually dead.
almost always viable.

Those held for less than five minutes are

The bactericidal action of the cell depends on a

number of factors and processes that will be discussed later.
(8) Whether a particle taken into a neutrophil is digested or
whether it is egested depends on the nature of the material ingested.
Most bacteria are slowly degraded.

The neutrophils are equipped with

enzymes capable of breaking down polymers of amino acids, lipids.
carbohydrates and phosphorylated or sulfated compounds.

Inert materials

and some bacteria are passed out of the cell into the medium by
exoplasmosis (Zucher-Franklin & Hirsch, 1964).

B.

Metabolism of the Leukocyte
The metabolism of leukocytes has been reviewed in detail by Cline
(1965) and by Seitz (1969).
1.

Carbohydrate metabolism
Respiration and glycolysis are the metabolic pathways which

provide energy for the activities of leukocytes (Seitz, 1969).
Oxidative metabolism is controlled by blood thyroid hormone levels
(Stoic, 1972).

The partial pressure of carbon dioxide affects leukocyte

respiration, as well as the concentration of glucose (Cline, 1965).
However, investigators have not been able to pinpoint the substances
which serve as substrates for respiration (Martin et al., 1955).

The

oxidation of glucose does not represent more than twenty percent of cell
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respiration (Seitz, 1969) .

a-glycerophosphate dehydrogenase is the

most active enzyme in leukocyte respiration (Cline, 1965).
Polymorphonuclear leukocytes may be classed as cells having a high
level of aerobic glycolysis (Seitz, 1969).

Substrates for glycolysis

in the human leukocyte are glucose, galactose, fructose or glycogen
(Cline, 1965).

Experiments using carbon-14 with rabbit polymorpho

nuclear leukocytes indicated that glucose is used more efficiently than
galactose during glycolysis (Stjernholm & Noble, 1961).

The capacity

of leukocytes to store glycogen is comparable to that of muscle and
liver (Harper, 1971).

Glycogenolysis in leukocytes appears to be

similar to liver glycogen degradation processes as opposed to those in
muscle (Cline, 1965).
The utilization of glucose and the production of lactic acid are
influenced by hormones.
glucose consumption.

It appears that insulin is necessary for

Without affecting oxidative metabolism, cortisol

can decrease glucose metabolism in the neutrophil.

The rate-limiting

step in glycolysis seems to be the hexokinase reaction, which is noncompetively inhibited by glucose-6~phosphate (Cline, 1965).
Leukocytes have an active tricarboxylic acid cycle whose interme
diates interact with oxidative metabolism though by incompletely under
stood mechanisms (Cline, 1965).
The hexosemonophosphate shunt systems for oxidative metabolism are
found in the nonparticulate cytoplasmic fraction of the leukocyte.
Probably less than ten percent of the glucose utilized by the leukocyte
is oxidized by the hexosemonophosphate shunt.

The primary control of

the pathway is the level of hexokinase; secondary control is the level

' I
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of NADP along with the NADPII oxidizing systems.

Methylene blue,

phenazine methosulfate and certain quinones act as electron aceptors
augmenting the hexosemonophosphate shunt activity (Cline, 1965).
Glyoxylase metabolism uses glutathione to convert methylglyoxal, a
toxic product of glucose and hexose diphosphate, to lactate (Cline,
1965).

McKinney (1953) proposed that this system may be the explanation

for anaerobic production of lactate in the leukocyte.
2.

Protein metabolism
Protein metabolism in leukocytes has not been thoroughly investi

gated because of the difficulty of obtaining uncontaminated cellular
proteins from blood samples (Seitz, 1969).

The free amino acid concen

tration in leukocytes is high when compared to that of plasma or
erythrocytes (Cline, 1965).

Some of the N-containing substances present

in notable amounts in leukocytes are glutathione of the glutamineglutathione transpeptidation system (Cline, 1965), histamine (Cline,
1965), histones (Seitz, 1969), and proteolytic enzymes, including
proteases, peptidases, endopeptidases, di- and tri-peptidases (Cline,
1965).

Opie in 1906 found in leukocytes an enzyme capable of lysing

fibrin and named it leukoprotease.

Since then tryptic, peptic and

cathepic activity in leukocytes has been identified (Seitz, 1969).
Enzymes for the oxidative decarboxylation of branched-chain keto acids
are present in leukocytes (Cline, 1955).

Studies by Young and Prager

(1962) on human white cell homogentes indicate that proteinases in
granulocytes have maximum activity at an alkaline pH.
The varied functions of leukocytes involving locomotion,
adsorption, phagocytosis and digestion of particles necessitate the
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production of transfer, ribosomal and messenger RNA (Seitz, 1969).
They differ from various other cells and tissues in the formation of
RNA in that they cannot utilize single carbon units for RNA synthesis
(Hirsch, 1965).
pyrimidines.

Leukocytes possess enzymes for dja novo synthesis of

However, they apparently have enzymes only for the

closure of purine rings (Cline, 1965).

It seems likely that leukocytes

utilize preformed purines from other tissues such as liver (Cline,
1965), as is postulated for bone marrow and thymic cells (Smellie et
al., 1958).
3.

Lipid metabolism
Lipid accounts for 1 to 3 per cent of the total mass of leukocytes

(Cline, 1965), (7 to 8 per cent by dry weight), most of which is phos
pholipid (Elsbach, 1959; Seitz, 1969).

The composition and distribution

of lipids in leukocytes are altered by pregnancy, infection, and
maturity (Cline, 1965), but not by phagocytosis (Elsbach, 1959).
Lipolytic enzymes present in leukocytes include esterases which
hydrolyze short chain fatty acid esters, and lipases which split the
esters of long chain fatty acids (Seitz, 1969).

Braunsteiner and co

workers (1964) isolated an acid lipase from granulocytes and concluded
that lipolases are important during the degradation of phagocytized
lipid material.
Leukocytes are active in the incorporation of Cl^-acetate into
lipid (Marks et al., 1960; Rowe et al., 1960).

In vitro acetate incor

poration is influenced by inhibitors of glycolytic and respiratory
enzymes; oxygen is not necessary for uptake from the medium (Pastore &
Lionetti, 1959).

Most C-^-acetate is incorporated into triglyceride.
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less into phospholipids (Rowe et al., 1960).
4.

ATP and ATPases
Two phosphorus-containing compounds are rather important in

neutrophil function—adenosinetriphosphate, which is necessary for most
of the physiological processes of the cell and adenosinetriphosphatases,
enzymes involved in locomotion, phagocytosis, and electrolyte transport,
among other roles.

Leukocytic ATPase is highly active, hydrolyzing

from 3.2 to 10 milligrams per milliliter of cells of labile phosphorus
from ATP per hour (Seitz, 1969).

Acid and alkaline phosphatase,

hydrolytic enzymes located in the granules, act upon the diverse sub
strates of carbohydrate, phospholipid and nucleic acid metabolism and
may have an active part in leukocyte defense.

The level of alkaline

phosphatase in leukocytes has been found to vary in stress conditions as
well as in a number of neoplasias, in chromosomal anomolies and other
conditions (Cline, 1965).
C.

Metabolism of Neutrophils during Phagocytosis
The metabolism of neutrophils during phagocytosis has been
studied by a number of investigators, notably Karnovsky and associates.
Cohn, and Hirsch.

Originally, phagocytosis by polymorphonuclear

leukocytes was thought to occur as a result of surface interaction of
the cell and the organism with no involvement of cell metabolism (Berry
& Spies, 1949; Mudd et al., 1934).

Experiments of Cohn and Morse in

1960 showed that metabolic factors as well as surface interactions are
required for optimal phagocytic function in vitro.

An in depth review

of studies which support the view for the metabolic basis of phagocytic
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activity was published by Karnovsky (1962).
1.

Oxidative metabolism
Two to three minutes (Rossi & Zatti, 1964) after the addition of

inert particles or bacteria to leukocyte suspensions, uptake of oxygen
increases two to three times that of resting leukocyte levels (Bartley
et al., 1968; Sbarra & Karnovsky, 1959).

The degree of increase in

oxygen uptake seems to depend mainly upon the ratio of the number of
particles to phagocytes (Sbarra & Karnovsky, 1959; Stahelin et al.,
1956).

There was no increase in respiration due to particle ingestion

in an environment containing 1 per cent oxygen and 99 per cent nitrogen
(Stahelin et al., 1956).
2.

Carbohydrate metabolism
Production of lactic acid by the phagocytes is increased during

ingestion of particles (Bartley et al., 1968; Cohn & Morse, 1960;
Sbarra & Karnovsky, 1959).

This effect has been noted only in the 30-

minute experiments (Sbarra & Karnovsky, 1960).

The increase in lactic

acid production is accentuated under anaerobic conditions (Sbarra &
Karnovsky, 1959).

Neither the amount of lactic acid produced (Rossi &

Zatti, 1964) nor the amount of glucose in the reaction mixture (Sbarra &
Karnovsky, 1959) had an effect on the increase in respiration of the
leukocytes during phagocytosis.
Glucose consumption due to phagocytosis begins as early as 30
seconds after the addition of bacteria to leukocyte suspensions (Zatti &
Rossi, 1965).

In experiments with C-^-labeled glucose the rate of

production of C^^02 from l-C^-glucose was increased between 2 and 10
times that of resting cells (Cline, 1966).

The ratio of the amount of
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l-Cl4-glucose converted to C^^02 was considerably greater (Sbarra &
Karnovsky, 1959; Stahelin et al., 1957; Zatti & Rossi, 1965).

The

ratio of l-C^-glucose to 6-cl^-glucose utilized is a qualitative index
of the occurrence of the hexosemonophosphate shunt in the cell
(Horecker & Mehler, 1955), indicating that the hexosemonophosphate
shunt pathway is a major source of energy for leukocyte phagocytosis.
Under anaerobic conditions the consumption of glucose and glycogen
by leukocyte suspensions is markedly greater than when the oxygen
supply is abundant (Cohn & Morse, 1960; Karnovsky & Sbarra, 1960; Sbarra
& Karnovsky, 1959; Zatti & Rossi, 1965).

There is no change in the

appearance of 6-C-^-glucose in C^q02, but the production of C-^02 from
1-Cl^-glucose is doubled in anaerobiosis (Sbarra & Karnovsky, 1959).
Polymorphonuclear leukocytes depend upon an exogenous supply of
glucose for prolonged phagocytic function (Cohn & Morse, 1960).
Although the rate of phagocytosis decreased with limiting glucose con
centrations (Cohn & Morse, 1960), the concentration of glucose in the
medium did not affect the pattern of C-^02 production from i-C^^-glucose
or 6-Cl^-glucose by leukocyte suspensions (Evans & Karnovsky, 1962).
Bazin and Avice (1953) reported a decrease in glycogen stores during
ingestion of particles by leukocytes.

For the first thirty minutes of

phagocytosis the rate of glycogen synthesis was depressed (Cohn & Morse,
1960; Evans & Karnovsky, 1960).

Thereafter, the rate of glycogen

synthesis in phagocytizing leukocytes exceeded that of resting cells
(Cohn & Morse, 1960).
2.

Protein metabolism
There is evidence to suggest that leukocytes are not dependent on
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the formation of new protein for the ingestion of particles.

Actino-

mycin D did not seem to affect the increased production of carbon
dioxide and lactate from glucose, or the loss of lysosomal enzymes
associated with degranulation in the white cell (Cline, 1966).

Also,

the incorporation of L-leucine-C-^ into total cellular proteins was not
increased during phagocytosis (Sbarra & Karnovsky, 1960).

In contrast,

nuclei isolated from phagocytizing human leukocytes exhibited stimulated
incorporation of C^-^-amino acids into medium protein and of C^-orotic
acid into nuclear RNA (Malec, 1964).

Incorporation of p32_phosphate

into nuclear RNA was also greatly increased during phagocytosis (Malec,
1961).
3.

Lipid metabolism
During phagocytosis there is increased incorporation of phospho

lipid, acetate, and glucose into the lipids of polymorphonuclear
leukocytes.

Of these the p32-phOSp]lorus_xakei.eci compounds are the most

actively incorporated upon the ingestion of particles.

The appearance

of P^-phosphorus in phosphatidic acid is 6 times greater in phagocytizing leukocytes than in resting cells; the specific activity of
phosphatidylinositol and phosphatidylserine is increased 3 times
(Karnvosky & Wallach, 1961).

Increased incorporation of p22_p]rioSp]lorus

into phosphatidic acid during phagocytosis arises more from ATP,
diglycerides or monoglycerides than from a-glycerophosphate or fatty
acyl-CoA (Sastry & Kokin, 1966).

The incorporation of P^^-lysophos-

phatidylcholine into phosphatidylcholine (Elsbach, 1967) and the incor
poration of p32_iySOphosphatidylethanolamine into phosphatidylethanolamine was 3 times greater in the presence of polysterene or zymosan
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particles with intact leukocytes than in homogenates or with cells
alone.

The mechanism of synthesis was identified as direct acylation of

lysophosphates from the suspension medium (Elsbach, 1968).

Shohet

(1970) reports that the total triglyceride and fatty acid content of the
leukocyte cell is decreased during the stimulation by phagocytosis
phosphatidylcholine synthesis.

of

At the same time the activity of tri

glyceride lipase is increased, which indicates that the source of fatty
acids for phosphatidylcholine synthesis is cellular triglyceride.
Labeled inorganic phosphate is not incorporated into phosphatidylethano1amine, phosphatidylcholine or sphingomyelin (Karnovsky & Wallach, 1961;
Shohet, 1970).

The time period of incorporation of phospholipids lasts

from 30 to 120 minutes, continuing even after 90 per cent of the
particles have been ingested (Elsbach, 1968; Karnovsky & Wallach, 1961;
Sastry & Hokin, 1966; Shohet, 1970).
It is evident from the results of experiments using labeled
phosphorus (Bartley et al., 1968; Douglas, 1970; Elsbach, 1968;
Karnovsky & Wallach, 1961; Sastry & Hokin, 1966; Shohet, 1970) that
there is a net increase in the appearance of labeled phospholipids in
the phagocytizing leukocyte cell.

This is explainable because of the

need to form phagocytic vacuoles in order to engulf and confine foreign
particles (Bartely et al., 1968; Elsbach, 1968; Karnovsky & Wallach,
1961; Shohet, 1970).
Uptake and incorporation of free fatty acids from the medium was
not changed during ingestion of particles (Sastry & Hokin, 1966; Shohet,
1970).

Phagocytosis did not stimulate the uptake of 1-C-^-linoleic acid

and in fact suppressed incorporation of this essential fatty acid
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(Elsbach, 1963).

1~C 14 -acetate and uniformly labeled C^-glucose were

incorporated to a greater extent into phagocytizing leukocytes than into
resting leukocytes (Sbarra & Karnvosky, 1960).

Increased incorporation

of i-C-^-acetate may be more consistent with fatty acid chain elongation
than de. novo synthesis (Elsbach, 1968) .
D.

Metabolism of Neutrophils during Bactericidal Activity
There are a number of systems that work independently or together
to inactivate bacteria which have been ingested by- the cell (Klebanoff,
1970; Suzuki & Grecz, 1972).

This is reasonable since a phagocyte must

be able to protect the body from a variety of different organisms
(Sbarra et al., 1971).

Moreover, Klebanoff (1970) suggests that the

polymorphonuclear neutrophil normally has a large overkill capacity.
The acid pH of the cytoplasm resulting from the metabolic burst during
phagocytosis may be sufficient to kill bacteria (Klebanoff, 1970; Smith
et al., 1968; Suzuki & Grecz, 1972).

And the granules contain anti

microbial enzymes that work independently or with other components to
form an antimicrobial system.
1.

Degranulation
As soon as particles enter the neutrophil and vacuoles are formed,

the cytoplasmic granules accumulate at the vacuole border.

The extent

of degranulation or migration of granules varies with the number of
particles taken into the cell (Hirsch & Cohn, 1964).

When the granule

membrane fuses with the membrane lining the vacuole, the granules are
ruptured and their contents are released (Smith et al., 1968; ZuckerFranklin & Hirsch, 1964).

Among the enzymes released are phosphatases,

nuclease, cathepsin, 3-glucuronidase, lysozyme, lipase, peroxidase, and
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phagocytin (Hirsch & Cohn, 1964).

Some of the enzymes are capable of

inactivating bacteria, while others are for the depolymerization of
lipids, nucleic acids, proteins and carbohydrates (Cohn et al., 1963).
Lipase and the proteolytic enzymes are not bactericidal, but are for the
degradation of ingested matter (Braunsteiner et al., 1964; Fishman &
Silverman, 1957).

Leukocytes seem to have maximum protease activity at

alkaline pH (Young & Prager, 1962).
Lysozyme is a heat stable, cationic (Klebanoff, 1970), bactericidal
aminopolysaccharidase (Hirsch, 1956) necessary for maximum killing
activity (Hirsch & Cohn, 1964).

Phagocytin, a globulin-like protein

with optimum activity at pH 4.5, is especially bactericidal for gram
negative enteric bacilli (Hirsch, 1956).

Fishman and associates (1957)

found a nondialyzable, thermostable, lipoprotein in rat leukocyte
mitochondrial extracts which had bactericidal activity.

They proposed

that the enzyme could be phagocytin, although optimum pH for the enzyme
was 7.2.

Cohn and Morse (1959) found the overall efficiency including

phagocytosis, intracellular inactivation, leukotoxicity, et cetera, of
rabbit leukocyte suspensions to be somewhat greater against coagulase
negative strains than against coagulase positive strains.

The mitochon

drial extract of rat leukocytes prepared by Fishman and Silverman (1957)
killed both gram positive and gram negative bacteria, but gram positive
organisms were more suceptible.
2.

Carbohydrate metabolism
Lehrer (1973) observed that inhibiting the hexosemonophosphate

shunt did not impair the bactericidal function of the neutrophil and
concluded that activation of this pathway was not requisite for the
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bactericidal process.

At the same time an increase in glycolysis seems

to be associated with higher bactericidal activity (Selvaraj & Sbarra,
1966).

Originally, it was suggested that increased glycolytic activity

causes an increase in glucose oxidation by NADPH-linked lactic dehydro
genase (Evans & Karnovsky, 1960; Schultz & Berger, 1970; Selvaraj &
Sbarra, 1966).

Later investigations failed to show the involvement of

lactic acid dehydrogenase in the direct oxidation of glucose by NADPH
oxidase in the metabolic burst following ingestion of particles
(Patriarca et al., 1971; Paul et al., 1972; Reed & Tepperman, 1969).
Nevertheless, as a result of NADPH oxidase activity hydrogen peroxide is
produced (Selvaraj & Sbarra, 1966) .
3.

The myeloperoxidase-halide-hydrogen peroxide system
The sharp fall in pH and the generation of hydrogen peroxide that

result from the increase in metabolism associated with phagocytosis by
the neutrophil trigger the events which end in the death of the ingested
organism (Klebanoff, 1970).

Particularly important is the activation by

the acid environment of the myeloperoxidase-halide-hydrogen peroxide
antimicrobial system.

Like all peroxidases, myeloperoxidase contains a

large amount of carbohydrate which makes it an endogenous oxidizing
agent.

It contains two heme moieties per molecule (Morrison et al.,

1970).

The neutrophil contains an exceptionally high concentration of

myeloperoxidase; it is localized in the granules along with the other
acid hydrolytic enzymes.

Hydrogen peroxide is required for the release

of myeloperoxidase from the granules.
Concentrations of myeloperoxidase and hydrogen peroxide, or both,
which in themselves are not bactericidal, will, when combined in the
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presence of a halide, result in a potent antimicrobicidal system.
Fixation of the halide to the bacteria results in the death of the
organism.

Klebanoff (1.970) found three halides—iodide, bromide and

chloride—to be acceptable electron acceptors for myeloperoxidase.
Bromide is probably not used in vivo.

Evidence seems to favor chloride

as the participating halide under physiological conditions (Sbarra et
al., 1971).

According to Sbarra and associates (1971) the concentra

tions of iodide required for in vitro reactions are attainable in vivo
only in specialized areas of the body such as the thyroid and salivary
glands.

Whereas, the concentrations of chloride necessary _in vitro are

similar to physiological levels.

It has been observed that when iodide

is the participating halide, the reaction of the myeloperoxidase-halidehydrogen peroxide system proceeds either chemically or enzymatically.
The chloride complex requires enzymes (Sbarra et al., 1971).

The

myeloperoxidase-chloride-hydrogen peroxide complex was the most potent
system against viable Escherichia coli organisms of the myeloperoxidasehalide-hydrogen peroxide combinations used by Klebanoff (1970).

Another

indication that chloride may be the halide which functions under
physiological conditions is that taurine, a specific and competitive
inhibitor of the bactericidal system of the neutrophil, did not inhibit
the activity of the myeloperoxidase-iodide-hydrogen peroxide complex
(Sbarra et al., 1971).

In addition, significantly detectable levels of

aldehyde have been observed in the complete myeloperoxidase-chloridehydrogen peroxide bactericidal system, which supports the view of Sbarra
and associates (1971) that aldehyde generation is a possible mechanism
by which the neutrophil kills bacteria.
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To summarize, the bactericidal effects resulting from the known
metabolic pathways and physiological pathways associated with phago
cytosis arise from three main sources (Suzuki & Grecz, 1972): (1)
glycolysis, resulting from the formation of lactic acid which lowers
cell pH; (2) degranulation and fusion of the granules with the membrane
of the phagocytic vacuole resulting in the release of bactericidal and
lytic enzymes; and, (3) the oxidation of NADPH resulting in the
generation of hydrogen peroxide which activates the myeloperoxidasechloride-hydrogen peroxide antimicrobicidal system.

E.

The Effects of Metabolic Inhibitors on Neutrophil Metabolism
The results from experiments using inhibitors of metabolism have
helped to characterize the metabolic functions of the polymorphonuclear
neutrophil associated with phagocytosis and destruction of ingested
foreign material.
Anaerobiosis, as would be expected, blocks the oxygen consumption
and respiration of the phagocytizing neutrophil (Sbarra et al., 1971;
Stahelin et al., 1956).

There appears to be a drop in the efficiency of

the cell since glycogen and glucose utilization are increased (Sbarra &
Karnovsky, 1959; Stahelin et al., 1956), while energy production
decreases (Gordon & King, 1960; Stahelin et al., 1956).

Hexosemono-

phosphate shunt activity is inhibited by lack of oxygen (Sbarra et al.,
1971), but glycolysis is not affected (Bartley et al., 1968; Stahelin et
al., 1956).

Stimulation of hydrogen peroxide production, which usually

takes place during phagocytosis, is inhibited under anaerobic conditions
(Selvaraj & Sbarra, 1966).

The total effects of anaerobiosis do not
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change the ability of the polymorphonuclear leukocytes to phagocytize
particles (Bartley et al., 1968; Gordon & King, 1960; Karnovsky &
Sbarra, 1960; Sbarra et al., 1971).

Bartley and associates (1968),

however, report decreased bactericidal activity under anaerobic
conditions.
Cyanide, an inhibitor which blocks the cytochrome oxidation system,
alters the metabolic patterns of leukocytes during phagocytosis (Sbarra
& Karnovsky, 1959), but does not affect particle ingestion by the cell
(Bartley et al., 1968; Karnovsky & Sbarra, 1960).

Cohn and Morse

(1960) found oxygen consumption to be inhibited by the addition of
potassium cyanide to the reaction system.

There is, however a cyanide-

insensitive stimulation of oxygen consumption associated with phago
cytosis (Sbarra & Karnovsky, 1959).

NADPH oxidase and NADU oxidase

may be the enzymes responsible for this non-cytochrome-linked increase
in respiration (Evans & Karnovsky, 1960; Patriarca et al., 1971; Reed
& Tepperman, 1969).

Cyanide blocks the antimicrobial effect of the

myeloperoxidase-halide-hydrogen peroxide system (Klebanoff, 1970)
by inhibiting the activity of myeloperoxidase (Paul et al., 1972).
Apparently decreased efficiency of this system does not greatly
diminish the killing capacity of the leukocyte as a whole (Cohn & Morse
1960).
Fluoride very noticibly lowers phagocytosis of organisms by
blocking glycolysis.

Energy production was decreased and the respira

tion burst which usually accompanies the ingestion of particles did not
occur (Bartley et al., 1968; fielding & Klebanoff, 1972; Cohn & Morse,
1960; Sbarra & Karnovsky, 1959).

lodoacetate, also a glycolysis
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inhibitor, produced the same effect (Bartley et al., 1968; Cohn 6 Morse,
1960; Sbarra & Karnovsky, 1959).
Lehrer (1973) used colchicine to differentiate between phagocytosis
and the overall oxidative-metabolic response to particle ingestion by
leukocytes.

Oxygen consumption was normal while hexosemonophosphate

shunt activity was blocked, cutting off the energy supply for phago
cytosis.

The addition of chloramphenicol to phagocytizing leukocytes

produced similar results (Lehrer, 1973).

ATPase activity was inhibited

and degranulation could not take place in the presence of colchicine
(Gordon & King, 1960; Suzuki & Grecz, 1972).

Yet the ability to kill

bacteria was not inhibited, indicating that hexosemonophosphate shunt
activity is not required for the bactericidal process (Lehrer, 1973).
Hydrocortisone inhibits the entry of glucose-6-phosphate into the
hexosemonophosphate shunt pathway by interfering with the reduction of
NADP to NADPH (Suzuki & Grecz, 1972).

In the presence of hydrocortisone

there was no respiration burst upon the ingestion of particles and the
production of hydrogen peroxide was diminished.

Although degranulation

was normal, (Cohn et al., 1963) the bactericidal activity of the
neutrophils was impaired by the addition of hydrocortisone to the cell
medium (Mandell et al., 1970; Matula & Paterson, 1971).
A number of sulphur and nitrogen-containing compounds are effective
in blocking the myeloperoxidase-halide-hydrogen peroxide system of the
polymorphonuclear neutrophil, thus decreasing the antimicrobial effect
of the cell.

They include taurine (Sbarra et al., 1971), imidazole and

azide (Suzuki & Grecz, 1972), thiourea, thiosulphate, reduced glutath
ione cysteine and ergothioneine (Klebanoff, 1970).
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F.

Disorders of Neutrophil Function
The study of genetic and acquired diseases associated with an
impaired inflammatory response in the neutrophil has helped to charac
terize metabolic events of phagocytosis and killing.
1.

Enzyme deficiencies
Chronic granulomatous disease (CGD) of childhood is an X-chromo-

some-linked defect in leukocyte function (Baehner & Nathan* 1968a)
manifested by chronic and recurrent pyogenic infections with abcess and
granuloma formation throughout the reticuloendothelial S3^stem (Johnston
& Baehner, 1970).

The polymorphonuclear leukocytes of CGD patients

phagocytized bacteria normally (Quie et al., 1967), but killed only
bacteria which produce hydrogen
Lactobacilli (Quie, 1969).

peroxide, such as Streptococci and

Following phagocytosis there was littl.e

degranulation of the cytoplasm (Quie et al., 1967), lack of respiration
burst, no increase in hexosemonophosphate shunt activity, and no
hydrogen peroxide formation (Johnston & Baehner, 1970).

Lysozyme and

phagocytin activities appeared to be normal in the neutrophils of these
patients (Quie et al., 1967).

However, there was decreased NADH oxidase

activity during phagocytosis (Baehner & Nathan, 1968b).

The leukocytes

of CGD patients do not reduce nitroblue tetrazolium, a dye which is
normally reduced to dark blue formazan salts in the phagocytic vacuole
during ingestion of particles (Hicks & Bennett, 1971).
Myeloperoxidase is lacking in the neutrophils of patients with
lobar pneumonia, with typhoid fever, in some patients with epidemic
encephalitis and acute leukemia (Lehrer et al., 1972) and in individuals
with myeloperoxidase deficiency, a genetic defect (Cline, 1970).

Lehrer
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and associates (1972) reported the cases of eleven patients whose
neutrophils were deficient in alkaline phosphatase and myeloperoxidase
activity.

Oxygen consumption was normal, but the cells had decreased

bactericidal activity for Staphylococcus aureus, Candida tropicalis and
Candida albicans.

In a study by Cline (1973) the neutrophils of a

patient with myeloperoxidase deficiency ingested bacteria normally but
had only 10 per cent of the normal killing ability for Staphylococcus
aureus, Proteus vulgaris, Escherichia coli, and Listeria monocytogenes.
The monocytes of this patient also had defective bactericidal ability.
The leukocytes of patients with chronic myelocytic leukemia and
with chronic lymphocytic leukemia are deficient in hexokinase, the ratelimiting enzyme of aerobic glycolysis.

The rate of glycolysis in these

leukemic cells was diminished and lactic acid production was signifi
cantly lower than in normal leukocytes (Beck, 1958a).

There was a

higher percentage of hexosemonophosphate shunt metabolism in the leuko
cytes of these patients, which apparently compensated for the decrease
in glycolysis resulting from hexokinase deficiency (Beck, 1958b).

One

might expect to find a bactericidal defect in leukemic patients due to
the lack of lactic acid which creates an acid environment for the
antimicrobicidal systems of the cell.

Of 12 patients with acute

myelocytic leukemia examined by Cline (1973), five had abnormal intra
cellular bactericidal activity.

No defect in phagocytosis was noted.

There is evidence that polymorphonuclear leukocytes from sickle
cell anemia patients with a history of repeated infections have a
metabolic defect which interferes with their bactericidal activity.
Dimitrov and associates (1972) report that the neutrophils of these
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patients showed decreased utilization of glucose at rest and during
phagocytosis.

No stimulation of the hexosemonophosphate shunt and

likewise no hydrogen peroxide production occurred during ingestion of
particles.

There was only a slight increase in oxygen consumption.

Reduction of nitroblue tetrazolium during phagocytosis was significantly
lower than reduction by the normal controls.

Apparently the defect in

killing ability in the neutrophils of sickle cell anemia patients with
history of infection is not due to the lack of enzymes since methylene
blue was reduced normally (Dimitrov et al., 1972).
In the leukocytes of a patient with complete deficiency of glucose6-phosphate dehydrogenase there was defective hexosemonophosphate shunt
activity associated with low hydrogen peroxide production and inadequate
bactericidal activity for catalase positive organisms.
reduction of nitroblue tetrazolium did not occur.

Intravacuolar

However, NADU

oxidase and NADPH oxidase activities were normal (Cooper et al., 1972).
2.

Bacterial infection
It is interesting to note that during a bacterial infection poly

morphonuclear leukocytes are metabolically more active than in the
normal health)’' state.

In adult patients with bacterial infection due

to a wide variety of pyogenic microorganisms, nocardia species and
malarial parisitism (Matula & Paterson, 1971), but not viral infections
(Wollman et al., 1972), the reduction of nitroblue tetrazolium by
neutrophils is several times greater than in non-infected individuals
(Hicks & Bennett, 1971; Matula & Paterson, 1971; Park et al., 1968).
Nitroblue tetrazolium responses rapidly return to normal after
initiation of effective therapy (Matula & Paterson, 1971) or after
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recovery (Park et al. , 3.968).
A specific alteration in cell metabolism was noted in the peri
toneal exudates from guinea pigs infected with tubercle bacilli in which
there was a significantly higher rate of respiration than in the same
cells from normal animals.

The rate of respiration was even greater

when animals were infected with a virulent strain than when they were
infected with an attenuated one.

It was established by the use of

glucose labeling that this increase in respiration was probably not
caused by a difference in the pathway of glucose utilization in the
neutrophil (Stahelin et al., 1957).

Carbohydrate metabolism in the

body as a whole can be impaired by mild viral illness as was shown by
Rayfield and associates (1973).

During the febrile periods of sandfly

fever in ten healthy subjects fasting serum glucose was elevated with
diminished glucose tolerance and mild hyperinsulinemia.

These changes

were associated with increases in circulating glucagon, glucocorticoids,
growth hormone and free fatty acids.

G.

Nutrition and Host Ensistance
There is increasing evidence that diet can directly influence host
resistance to disease.
1.

Nutritional deficiencies
A relationship between general nutrition and the frequency.

duration and severity of infectious diseases has been observed
(Martinez & Chavez, 1972; Mata et al., 1971; Perez et al., 1972),
indicating that poor nutrition is related to lowered resistance to
infection.

Examples have been given of impaired phagocytosis and
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lowered bactericidal power in laboratory animals resulting from long
term deficiencies of protein, calories, riboflavin, vitamin D or other
vitamins (Berry & Spies, 1949).

Antibody synthesis was markedly

impaired as the result of pantothenic acid, vitamin
tamic acid deficiencies in albino rats (Axelrod, 1971).

and pteroylgluMcFarlane

(1971) proposes various combinations of deficiency states in human
protein-calorie malnutrition:

(1) Normal or subnormal humoral-antibody

synthesis, (2) decreased concentrations of transferrin, (3) reduced
levels of complement, (4) impaired cell-mediated immune response which
may be due to atrophy of the thymus and other lymphatic organs, and (5)
impaired phagocytosis, along with the possible reduction of myeloper
oxidase and NADPH oxidase.
In testing the sensitivity cf the immunological response to the
nutritional status of rats, it was found that as the quality of the diet
was reduced, the production of antibodies decreased proportionately
(Nalder et al., 1971).

In the same study antibody production by the

rats appeared to be more sensitive to the decrease in dietary iron than
was hemoglobin, serum iron, or serum proteins.

In both mice (Hook et

al., 1974) and Rhesus monkeys (Ratnakar et al., 1972) phagocytosis by
macrophages was depressed in protein deficiency.

It was concluded from

the study with monkeys that the depression in phagocytosis was probably
due to a cellular defect.
The phagocytic ability of neutrophils in children suffering from
protein-calorie malnutrition seemed to be normal (Tejada et al., 1964).
Bactericidal activity, however, was less efficient (Selvaraj & Bhat,
1972; Seth & Chandra, 1972), and it would appear that cell metabolism
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was impaired at the enzyme level.

Kendall and Nolan (1972) observed

that both patients with protein-calorie malnutrition and patients with
chronic granulamatous disease suffer from increased susceptibility to
staphylococcal and enterobacterial infections.

They used nitroblue

tetrazolium to test neutrophil activity in children with proteincalorie malnutrition and found a significant difference between the
responses in polymorphonuclear leukocytes of children below the. third
percentile by weight compared with those above that standard.
Yoshida and associates (1968) reported much lower pyruvic kinase
activity in leukocytes of severely malnourished children than in the
leukocytes from well-nourished children.

At the same time, the mean

contents of oxaloacetic acid, pyruvate, lactate and ATP were markedly
decreased in the leukocytes of the malnourished children.

Selvarai and

Bhat (1972) also observed lower lactate production in the neutrophils of
children with protein-calorie malnutrition than in normal subjects.
This could indicate an impairment in the phosphoenolpyruvate to pyruvate
reaction in terminal glycolysis (Yoshida et al., 1968).

The phagocytic

stimulation of the hexosemonophosphate shunt was greatly reduced in
protein-calorie malnutrition, mainly because cells from these patients
had a higher rate of hexosemonophosphate shunt activity to begin with
(Selvaraj & Bhat, 1972).
Arbeter and associates (1971) followed phagocytosis, bactericidal
activity, serum iron levels, and myeloperoxidase activity of twelve
patients during recovery from protein-calorie malnutrition.

Their

results indicated that neither protein-calorie malnutrition nor anemia
alone were related to decreased bactericidal activity.

Instead there
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seemed to be a relationship between iron deficiency and/or iron
utilization.

It was suggested that iron deficiency may affect the iron-

dependent enzyme, myeloperoxidase (Arbeter et al., 1971).

Three other

groups of investigators mentioned iron-deficiency anemia as a symptom of
most of their subjects (Mata et al., 197].; Selvaraj & Bhat, 1972; Seth
& Chandra, 1972).

Actually iron deficiency could affect at least three

of the deficiency states of protein-calorie malnutrition (McFarlane,
1971): decreased antibody synthesis (Nalder et al., 1971), decreased
concentrations of transferrin, and decrease in bactericidal activity by
reduction of myeloperoxidase levels.
Recovery from protein-calorie malnutrition is associated with
reversal of impaired killing and the return to normal enzyme levels
(Arbeter et al., 1971; Selvaraj & Bhat, 1972; Seth & Chandra, 1972).
2. Immediate effects of diet
Aside from prolonged nutritional deficiency, short term dietary
effects on neutrophil function have been reported.

Oral ingestion of

ethanol produced a profound depression in the rate of leukocyte mobili
zation as measured by Rebuck’s skin-windov; technique (Brayton et al.,
1970).

At the same time, no change in phagocytosis or bactericidal

ability of the neutrophil was noted.

However, Johnson and associates

(1969) observed a decrease in serum bactericidal activity in 11 out of
12 normal subjects following intravenous administration of ethanol.

The

impaired killing ability could not be attributed to changes in serum
lysozyme, serum electrolytes or alteration of bactericidal antibody or
complement levels.
Diabetics are known to have increased susceptibility to bacterial
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and fungal infections (Dickens et al., 1958; Hearst, 1967; Schauble &
Baker, 1957).

According to Hearst (1967) diabetic staphylococcitis

results from a disturbance of the parasite-host relationship by the
nutritional imbalance of the hyperglycemic host.

An abundant supply of

glucose permits an increase in the growth rate of Staphylococci har
boured in the sweat and sebacaeous glands resulting in the boil or
furbuncle.
Bybee and Rogers (1964) found normal phagocytosis and killing in
the leukocytes of 38 diabetic patients, even in the six patients whose
fasting blood sugar exceeded 250 mg%.

This is contrary to a report by

Kijak and associates (1964) in which the average number of Staphylo
coccus epidermidis ingested by neutrophils from diabetic subjects was
smaller when blood glucose was elevated than when blood glucose was
controlled.

However, Bybee and Rogers did observe a significant

decrease in the uptake of pathogenic Staphylococci in the leukocytes of
seven ketoacidotic patients.
was corrected.

The defect disappeared when ketoacidosis

There was no evidence that serum factors influenced the

neutrophil response.

A study by Bagdade and his associates (1974)

indicates, however, that diabetic hyperglycemia, per se, may affect
phagocytosis and killing.

Polymorphonuclear leukocytes from patients

with poorly controlled, but non-ketotic diabetics had reduced phagocytic
and microbicidal rates.

Serum from control patients improved phagocy

tosis in diabetic leukocytes, while serum from the untreated diabetics
reduced the killing rates in control leukocytes.
A related effect was demonstrated in vitro by adding varying con
centrations of pure glucose to blood from 30 healthy adults contaminated
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with Staphylococcus epidermldis (Adams, 1967) .

As g]ucose levels in

creased from 50 to 250 mg%, a significant suppression was noted in the
ability of the neutrophils to engulf the bacteria.

However, the degree

of suppressed phagocytosis did not depend on the level of glucose and
the suppression did not occur consistently in all individuals (Adams,
1967).
Oral ingestion of glucose has been reported to alter phagocytosis
(Kijalc et al., 1964; Sanchez et al., 1973).

When varying amounts of

glucose were administered to "pseudo-diabetics", it was found that the
higher the resulting blood glucose levels, the fewer the number of
StaphyJ ococcus epidermldis organisms engulfed per polymorphonuclear
leukocyte (Kijak et al., 1964).

Five different carbohydrates—fructose,

glucose, sucrose, honey and orange juice—in amounts to give 100 grams
of carbohydrate, significantly lowered the phagocytic index of 10 normal
subjects from fasting values.
five hours.

The duration of this effect was at least

Whereas, after 36 hours fast, the phagocytic index was sig

nificantly higher than after an overnight fast (Sanchez et al., 1973).
These findings are important when one considers the possible results of
feeding large doses of carbohydrate to patients with bacterial infection
or even to healthy persons, who are both continuously exposed to myriads
of bacteria.

The explanation for the decrease in phagocytosis as a re

sult of carbohydrate ingestion is not known (Sanchez et al., 1973).
question arises as to how extensively the cell is affected.

The

Could it be

that the bactericidal activity of the neutrophil is altered by carbohy
drate ingestion?

It is the purpose of this study to evaluate the effects

of ingesting glucose on the ability of leukocytes to destroy bacteria.

MATERIALS AND METHODS
Subjects:

The subjects who donated blood for the study were out

patients coining to the Clinical Laboratory at Loma Linda University
Medical Center to undergo the glucose tolerance test.

Subjects were

chosen by the Outpatient Venipuncture personnel as the patients arrived
for the three-hour and five-hour tests.
Blood:

Five to 10 milliliters of venous blood were collected in

heparinized Vacutainers from each subject after an overnight fast.
Subjects drank 10 ounces of 100% dextrose solution (Dextol-C).
hours later the second tube of blood was collected.

Two

The blood was

transported to the laboratory and usually within 1 hour the tests were
started.

White blood cell count for each subject was determined using

a bright-line hemocytometer.
Kijak and associates (1964) observed the lowering effects of
glucose on phagocytic index in "pseudo-diabetics” 45 minutes after
ingestion.

In the study by Sanchez and associates (1973) the greatest

reduction in phagocytosis occurred between 1 and 2 hours following the
ingestion of glucose.

For the present study, the effect of glucose

ingestion on killing, which follows phagocytosis, was tested in blood
drawn 2 hours after the glucose dose.
Bacterial suspension:

Particles used to stimulate phagocytosis were

viable Staphylococcus epidermidls, non-pathogenic, gram-positive,
spherical microorganisms frequently found on normal human skin.
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stock culture was obtained through courtesy of Dr. Benjamin H. S. Lau,
Department of Microbiology, Loma Linda University.

0.5 milliliters of

the stock culture were pipetted into 9.5 milliliters of prepared heart
infusion nutrient broth and mixed well.
night at 38° C.

The culture was incubated over

To make Staphylococcus epidermidls suspension for the

phagocytosis and bactericidal tests, the overnight culture was washed
twice with physiological (0.9% NaCl) saline.

The desired number of

organisms (10b per milliliter) was obtained by adjusting the turbidity
of the suspension to 20% Transmittance at <420nm on a Bausch Lomb
Spectronic 20.

Colony counts of the suspension were done at the time

of fasting and two hours post prandial.

In between tests the bacterial

suspension was refrigerated to retard growth.
Blood Glucose:

Blood glucose in grams per deciliter was determined by

the LLUMC Clinical Laboratory with the Technicon Autoanalyzer according
to the glucose oxidase method.
Phagocytosis:
(1971).

Phagocytic index was determined by the method of Reeser

1.0 milliliter of fresh heparinized blood was dispensed in sil

iconized glass tubes and inoculated with 0.1 milliliter bacterial sus
pension.

Phagocytosis started at this point.

The tubes were stoppered

with siliconized rubber stoppers, then placed in a mechanical rotator
and rotated at 10 rpm at 38° C for 30 minutes from the time of inocu
lation.

Incubation was discontinued and immediately duplicate micro

scope slides were made from each tube.
and stained with Wright's stain.

The slides were dried, fixed

Under the oil immersion lens the num-

ber of Staphylococcus epidermidls cocci ingested by 100 polymorphonu
clear neutrophils was counted and the average taken as the phagocytic
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index.
Bactericidal Test:

The bactericidal test v/as essentially that of Castro

and associates (19/2) v;ith modifications.
subjects at a time.

The test was performed on 2

Two milliliters of fresh, heparinized blood were

pipetted into siliconized glass tubes.

The blood was inoculated with

0.2 milliliters of the bacterial suspension.
leukocytes started at this point.

Particle ingestion by

The tubes were stoppered with sili

conized rubber stoppers and mixed well by inverting the tubes end-toend 10 times.

Then they were placed in a mechanical rotator and

incubated at 38° for 120 minutes.

Immediately after mixing and after

10, 30, 60, 90 and 120 minutes of incubation, a 0.1 milliliter aliquot
of the blood-bacteria mixture was removed using aseptic techniques and
diluted as described below.
In order to obtain a plate count of 30-300 microorganisms, the
above blood-bacteria mixture was diluted twice to obtain an overall
dilution of 1 to 100.

The diluents were refrigerated before use to

retard bacterial growth between the time of dilution and the time of
plating.

0.1 milliliter of the incubation mixture was lysed by placing

it in 1 milliliter of sterile water.

Another 0.1 milliliter aliquot v/as

diluted in 1 milliliter sterile normal saline.

Again, 0.1 milliliter of

the resulting solutions were diluted by placing 0.1 milliliter in 1
milliliter of the respective solutions of water or saline.

A 0.001

milliliter calibrated loop was used to inoculate duplicate agar plates
prepared with heart infusion mitrient agar.

The inoculated plates were

incubated at 38° C overnight and the number of colonies counted.

The

per cent decrease in number of colony-forming units during the 120-
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minute incubation period was the measure of the bactericidal activity of
the leukocytes.
Statistical Analyses:

The t test was used to analyze the per cent

change in blood glucose, the bactericidal tests, phagocytic index and
colony counts (Tables 1-6, 11, 12).

The data from the bactericidal

tests were also analyzed by a general linear model which included
incubation effect, treatment effect, the effect of water versus saline,
first order interactions, and subject effect (Tables 9 and 10).

The F

ratio was used to compare daily colony counts with the initial number of
colony-forming units in the bactericidal tests.
between variables was determined.

Linear correlation

RESULTS

The results of the 3-hour and 5-hour glucose tolerance tests for
20 of the 21 subjects in this study are given in Table 1.

According to

the Fajans-Conn criteria for the standard oral glucose tolerance tests
(Ellenberg & Rifkin, 1970), the average fasting and 1-hour blood
glucose levels are within the normal range.

The average 2-hour blood

glucose is borderline between the normal and diabetic ranges.
The fasting blood glucose of the 20 subjects ranged between 79 and
113 mg% with a mean of 93 mg%.

See Table 1.

Two hours after ingesting

glucose the lowest value was 81 mg%; the highest 248 mg%.
hour blood glucose was 116 mg%.

The mean 2-

For 2 subjects, JM and DL, blood

glucose was the same at fasting and at two hours.

For 3 subjects, NC,

KL and SR, blood glucose was actually lower at 2 hours than in fasting
blood.

Eight subjects had 2-hour blood glucose levels that are consid

ered diabetic or borderline diabetic (>110 mg%) (Ellenberg & Rifkin,
1970).

For the group of 20 subjects the mean 2-hour blood glucose is

significantly greater than the mean fasting blood glucose (p<0.01).
The results of the fasting and 2-hour blood glucose level determinations
are compared in Table 2, which also shows the change in blood glucose
during this interval.
The mean change in phagocytic index from fasting to 2 hours was
small yet significant (p<0.05).
nificant at the p<0.10 level.

See Table 3.

The 11% decrease is sig

The number of single cocci per cell
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ranged from 1.37 to 8.32 with a mean of 4.97 in fasting blood.

At 2

hours the mean number of single cocci per cell was 4.28, the low value
being 1,59 cocci and the high value 7.76 cocci per cell.
The decrease in the number of colony-forming units of Staphylo
coccus epidermidis in the bactericidal tests using saline as a diluent
is shown in Table 4.

The bactericidal capacity of leukocytes varied

from subject to subject.

The per cent decrease in Staphylococcus epi

dermidis colony-forming units in fasting blood during incubation ranged
from 100% to 9%.

Likewise, the per cent decrease in colony-forming

units in blood collected two hours after glucose ingestion ranged from
100% to 15%.
5).

The mean decrease was 63% (64% in water dilutions, Table

There was no significant difference in the reduction of colony

forming units in blood drawn at fasting and at 2 hours post prandial.
Graphical representations of the average time-related reduction in
colony-forming units over a 120 minute incubation period may be seen in
Figures 1 to 4.
Data for the bactericidal test from the results using water dilu
tions (Table 5) were compared with the results using saline dilutions.
The mean colony counts from water dilutions were not significantly dif
ferent from the mean colony counts from saline dilutions.

In addition.

for both methods of dilution there was no significant difference in the
mean per cent decrease in number of colony-forming units at fasting or
at 2 hours after the ingestion of glucose.

See Tables 4 and 5.

How

ever, the initial counts of colony-forming units obtained from the
fasting and the 2-hour inoculations were different by a factor of 17%
(significant at the p<0.01 level).

This was true when either saline or

r
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water was used for dilutions.

See Tables 4 and 5.

This was also

observed in plate counts from the inoculating suspensions done simulta
neously with the bactericidal tests.

See Table 6.

The mean number of

colony-forming units was 21% less at 2 hours than at the beginning of
the fasting bactericidal tests.
The mean white blood cell count for all subjects was 6,600 ranging
from 4,000 to 8,000 cells per cubic millimeter except for the subject AH
whose count was elevated to 12,000 cells per cubic millimeter.
Table 7.

See

38
Table 1

Results of the three-hour and five-hour glucose tolerance
tests for twenty subjects after a dose of 100 grams of glucose.

Subj ect

EG
CG
JW
AH
MA
RB
NC
DF
WP
JM
JG
TM
DL
HP
LG
KM
KL
NS
WB
SR
Means

1.
2.
3.
4.
5.

Blood Glucose (mg%)-i1 Hour^ 2 Hour^ 3 Hour^

Fasting--

% Hour^

88
110
80
91
81
91
108
79
85
105
98
95
113
113
79
99
87
81
94
94

125
158
135
114
138
115
179
123
155
195
157
117
194
232
124
162
134
148
129
74

131
147
89
109
89
98
142
123
105
120
86
122
209
295
99
162
1 no
234
106
94

106
117
100
111
107
103
92
116
100
105
108
117
113
248
81
155
81
178
98
87

87
80
123
101
72
95
79
109
65
101
79
79
92
231
94
150
50
129
92
92

93

145

133

1165

100

JU\J KJ

4 Hour^

5 Hour^

73
67

99
81

30
98
87
83

69
80
87
71

63
87
93
122
74

95
100
138
81

95

95

81

90

Analyzed on the Technicon Autoanalyzer by the glucose oxidase
method.
Twenty subjects.
Twelve subjects.
Eleven subjects.
Significantly greater than the mean fasting blood glucose, p<0.01.
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Table 2

Subj ect

EG
CG
JW
AH
MA
RB
NC
DF
WP
JM
JG
TM
DL
HP
LG
KM
KL
NS
WB
SR
Means

1.
2.
3.

Blood glucose of twenty subjects at fasting and two hours after
a dose of 100 grams of glucose.

Blood. Glucose
mg%
Fasting
Two Hour
88
110
80
91
81
91
108
79
85
105
98
95
113
113
79
99
87
81
94
94

106
117
100
111
107
103
92
116
100
105
108
117
113
248
81
155
81
178
98
87

93

116

Increase
mg%

18
7
20
20
26
12
-16
37
15
0
10
22
0
135
2
56
6
97
4
7
23 2

Per Cent
Increase^-

20.4
6.4
25.0
22.0
32.1
13.2
-14.8
46.8
17.0
0
10.2
23.2
0
119.
2.5
56.6
- 6.9
120.
4.2
7.4
24.5%3

Fasting blood glucose minus two hour blood glucose t- fasting blood
glucose.
Significant increase in blood glucose, p<0.01.
Significant at p<0.01 level.
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Table 3

Subject

EG
CG
JW
MA
AH
MA
KB
NC
DF
WP
JM
JG
TM
DL
HP
LC
KM
KL
NS
WB
SR
Means

1.
2.
3.
4.
5.
6.

Phagocytic index of twenty-one subjects at fasting and two
hours following the ingestion of 100 grams glucose.

Change^

Per Cent
Change3

3.76
6.04
4.68
6.80

5.34
3.27
1.88
2.42
1.97
2.47
6.12
2.16
3.43
6.53
4.99
5.95
7.62
4.12
3.13
5.64
1.59
4.38
5-38
3.83
7.76

0.39
1.68
2.24
1.07
0.66
-0.50
-0.28
-0.79
3.64
-0.22
1.80
-0.81
0.70
0.44
3.67
-0.84
1.52
-0.59
0.66
0.85
-0.96

6.8
33.9
54.4
30.7
25.1
-25.4
- 4.8
-57.7
51.5
3.5
26.5
-15.8
8.4
9.6
54.0
-17.5
48.9
-15.6
10.9
18.1
-14.1

4.97

4.285

0.68

Phagocytic. Index^Fasting
Two Hour
5.734
4.95
4.12
3.49
2.63
1.97
5.84
1.37
7.07
6.31
6.79
5.14
8.32
4.56
6.80
4.80
■3

IT
• -i- _JL

10.7%6

Phagocytic index (PI) is the average number of single cocci ingested
per polymorphonuclear neutrophil (PMN) of 100 cells.
Fasting PI minus two-hour PI.
Fasting PI minus two-hour PI f- fasting PI.
Index represents an average of duplicate slides.
Significantly different from fasting PI, p<0.05.
Significant at p<0.10 level.
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Table 4

Subj ect

EG
CG
JW
MA
AH
MA
KB
NC
DF
WP
JM
JG
TM
DL
HP
LC
KM
KL
NS
WB
SR
Means

1.
2.
3.
4.

Decrease in the number of colony-forming units of Staphylo
coccus epidermidis in the bactericidal tests using saline as a
diluent.

1

Fasting
Colony-forming Units
x 105
Initial
Final
164^
124
146
163
154
109
146
139
90
107
117
163
150
133
113
189
171
178
159
114
165

99
33
113
149
9
53
72
84
0
65
36
31
30
35
31
36
38
45
7
103
2

143

51

Per Cent
Decrease

39.6
73.4
22.6
8.6
94.2
51.4
50.7
39.6
100
39.2
69.2
81.0
80
73.7
72.6
80.9
77.8
74.7
95.6
9.6
98.8
63.5%

Two Hours
Colony-forming Units
x 105
Initial
Final
101
123
138
133
111
97
120
99
32
101
133
112
114
125
102
134
128
149
184
162
142

22
7
117
82
7
38
89
34
0
68
60
29
8
84
12
41
68
76
3
138
1

1213

47

Per Cent
Decrease

78.2
94.3
15.2
38.3
93.7
60.8
25.8
65.7
100
32.7
54.9
74.1
93.0
32.8
88.2
69.4
46.9
49.0
98.4
14.8
99.3
63.1%4

The response by subject varies significantly, p<0.001.
Counts represent an average of duplicate plates.
Significantly different from number of colonies at fasting, p<0.01.
Not significantly different from per cent decrease in fasting blood.
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Table 5

Subj ect^

EG
CG
JW
MA.
AH
MA
RB
NC
DF
WP
JM
JG
TM
DL
HP
LC
KM
KL
NS
WB
SR
Means

1.
2.
3.
4.
5.

Decrease in the number of colony-forming units of Staphylo
coccus epidermidls in the bactericidal t€ists using water as a
diluent.

Fasting
Colony-forming Units
x 105
initial
Final

Per Cent
Decrease

Two Hours
Colony-forming Units
x 105
Initial
Final

1853
137
174
148
136
104
150
143
152
115

112
4
55
94
7
76
56
86
0
35

39.5
97.1
39.6
36.5
94.8
26.9
62.7
39.9
100
77.4

136
156
151
162
168
106
169
146
114
153

37
49
39
13
24
49
60
2
97
12

72.8
68.6
74.2
92.0
85.7
53.8
64.5
98.6
14.9
92.2

106
131
171
155
113
112
124
141
43
117
84
136
108
126
89
127
113
118
82
162
143

145

45

66.6

1191*4

42
5
62
120
16
28
67
53
0
90
54
49
12
42
19
30
48
56
3
112
6
43

Per Cent
Decrease

60.4
96.2
63.7
22.6
85.8
75.0
19.3
62.4
100
23.1
35.7
49.5
88.9
66.7
78.6
76.4
77.8
52.5
96.3
30.9
95.8
64.61’5

Not significantly different from results using saline as a diluent,
p<0.01.
The response by subject varies significantly.
Counts represent an average of duplicate plates.
Significantly different from number of colonies at fasting, p<0.01.
Not significantly different from per cent decrease in fasting blood.
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Figures 1 and 2

Time-related reduction in Staphylococcus
epidermidis colony-forming units during 120
minutes incubation in human blood using saline
as a diluent.
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epidermidis colony-forming units during 120
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Table 6

Number of colony-forming units per milliliter of Staphylo
coccus epiclermidis from the original inoculating suspension.1

Date

Colony-forming Units
x 105
Fasting
Two Hours

9/17
9/18
9/19
9/19
9/20
9/24
9/25
9/27
9/28
9/30
10/1
10/3
10/4
10/5
10/7
10/8
10/9

4202
340
200
170
490
290
530
270
300
670
460
960
560
770
1000
620
820

Means

521

1.
2.
3.

210
60
190
120
430
320
340
330
310
330
730
490
330
430
880
1000
480
4103

Suspension turbidity adjusted to 20% Transmittance.
Counts represent the average of three platings.
Significantly different from number of colony-forming
units at fasting, p<0.10.
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Table 7

White blood cell count of the twenty-one subjects who
participated in the study.
Number of White Blood Cells 1

Subj ect
EG
CG
JW
MA
AH
MA
RB
NC
DF
WP
JM
JG
TM
DL
HP
LG
KM
KL
NS
WB
SR

12,000
7.370
4,350
5.370
8,070
6,050
7,600
6,250
4,170
6,320
7,000
5.870
6,670
6,300
6.870
6,020
6,100

Mean

6,640

1.

Table 8

7,950
7,500
6,850
4,770

Count done by bright line hemocytometer.

Comparison of the decrease in Staphylococcus epidermicis
colony-forming units in fasting whole blood and the decrease
in fasting blood plus glucose.!

Minutes Incubation
30
60
90

10

Control^

42

23

7

20

20

7

83%

200 mg%3
Glucose

26

22

17

0

1

10

61%

1.
2.
3.

120

Per Cent
Decrease

0

One subject, two trials.
2.0 ml blood, 0.2 ml .9% saline, 0.2 ml 10^ Staphylococcus
epidermidis.
2.0 ml blood, 0.2 ml 200 mg% glucose, 0.2 ml 10^ Staphylococcus
epidermidis.
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Table 9

Estimated mean number of Staphylococcus epidermidis colony
forming units for the fasting and two-hour bactericidal tests.

Initial

Final

Fasting

Two Hour

1441-

119

48

45
89

1.

Number of colony-forming units (x 10^)
represent the combined effect of water
and saline dilutions.

Interaction:
Fasting versus 2-hour:
Initial versus final:

NS, p<0.01
NS, p<0.001
NS, p<0.001

Table 10 Estimated mean per cent decrease in Staphylococcus epidermidis
colony-forming units during 120 minutes incubation using water
or saline diluents in the bactericidal tests.
Fasting-^

Two Hour^ > 3

Water

67.1%

65.6%

Saline^

63.5%

62.8%

1.
2.
3.
4.

64.7%
Twenty subjects.
Twenty-one subjects.
Not significantly different from per cent decrease in
fasting blood.
Not significantly different from per cent decrease in
lysed samples.
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Table 11 Test results of three subjects whose blood glucose levels
decreased from fasting to two hours post prandial.
Subj ect

NC
KL
SR
Means

1.
2.
3.
4.

Fasting
mg%

Blood Glucose
Two Hour
mg%

Per Cent
Decrease

108
87
94

92
81
87

14.8
6.9
7.4

96.32

86.72

9.7%2

Phagocytic Index
Per Cent
Increase

Bactericidal
Activity!

57.7
15.6
14.1

65.7
49.0
99.3

29.1%4

71.3%2

Per cent decrease in number of colony-forming units in 2-hour
blood, saline diluent.
Not significantly different from the rest of the group.
Significantly different from the rest of the group, p<0.10.
Significantly different from the rest of the group, p<0.01.

Table 12 Test results of eight subjects whose blood glucose levels were
hyperglycemic! at two hours post prandial.
Subj ect
Fasting
mg%
CG
AH
DF
TM
DL
HP
KM
NS
Means
1.
2.
3.
4.

Blood GlucoseTwo Hour
mg%

110
91
79
95
113
113
99
81
97.63

117
111
116
117
113
248
155
178
144.44

Per Cent
Increase
6.4
22
46.8
23.2
0
119
56.6
120
49.24

Phagocytic Index
Per Cent
Decrease
33.9
25.1
51.5
8.4
9.6
54
48.9
10.9
30.34

Bactericidal
Activity2

94.3
93.7
100
93
32.8
88.2
46.9
98.4
80.94

Two-hour blood glucose level 110 mg%.
Per cent decrease in number of colony-forming units in 2-hour
blood, saline diluent.
Not significantly different from the rest of the group.
Different from the rest of the group, p<0.05.

DISCUSSION AND CONCLUSIONS

It has been demonstrated (Kijak et al., 1964; Sanchez et al.,
1973) that the ingestion of carbohydrate can impair the phagocytic
function of the neutrophil.

However, there have been no studies to

test the effect of carbohydrate ingestion on the bactericidal activity
of the cell.

In data from the present experiments the bactericidal

activit}7, expressed as per cent decrease in Staphylococcus erjidermldis
colony-forming units, was the same 2 hours following the ingestion of
glucose as in fasting blood.

This indicates that under the conditions

of the study an elevated blood glucose due to ingestion of glucose does
not affect the bactericidal activity of human leukocytes.
It may be pointed out that the cell does require some glucose from
the medium during ingestion of particles, although in the human system
phagocytosis by the neutrophil can be inhibited by elevated blood
glucose.

Bactericidal activity, on the other hand, does not seem to be

affected by limited glucose concentrations in the cell medium that
inhibit phagocytosis (Cohn & Morse, 1960).

In preliminary experiments

for the present study in which a large amount of glucose was added to
the incubation mixture, phagocytosis was inhibited (See Table 8, 0
minutes), while there were approximately the same number of viable
colony-forming units remaining after 120 minutes incubation.

And in the

main experiment normal physiological changes in blood glucose resulting
from the glucose tolerance test did not alter the killing capacity of
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the cell.

Thus it seems reasonable to conclude that once bacteria are

inside the neutrophil, inactivation by the bactericidal processes is
not affected by the amount of glucose in the cell medium.

At least

some killing would inevitably follow particle ingestion due to the
acid pH of the cell medium which results from the production of lactic
acid by glycolytic metabolism.
The small decrease (11%) in phagocytic index from fasting to two
hours post prandial observed in the present study is probably due to a
low bacteria to phagocyte ratio.

Sanchez and associates (1973) found a

60% decrease in the phagocytic index following carbohydrate ingestion
when the index was approximately 15 at fasting.
reported by Kijak and associates (1964).

Similar findings were

Presumably the phagocytic and

metabolic functions of the neutrophil would be stressed more when a
larger number of particles are available to be engulfed.

Further

studies need to be done to discover the effect of bacteria to phagocyte
ratio on the bactericidal activity of the neutrophil.
By comparing the data from Tables 6 and 7 it can be ascertained
that a ratio of 2:1 colony-forming units to leukocytes was used for the
phagocytosis and bactericidal tests.

Curiously, from this incubation

system an average phagocytic index of approximately 5 single cocci per
neutrophil was obtained.

See Table 3.

The most probable explanation

for the incompatibility of the theoretical and observed values seems to
be that there was an error in estimating the number of bacteria per
milliliter of the inoculating suspension.
plate count as was described earlier.
represented a single cocci.

The number was obtained by

It was assumed that each colony

However, this probably was not the case.
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For example, when Castro and associates (1972) examined a suspension of
Staphylococcus aureus by microscope, they observed that 90% of the units
consisted of not more than 5 cocci, although as many as 16 organisms per
unit were occasionally seen.

Even sonification of the suspension did

not completely separate the cocci.

In the present study the bacterial

count was obtained by counting the number of colony-forming units.
Whereas, to obtain the phagocytic index each individual cocci was
counted.
Other possibilities for the difference in bacteria to leukocyte
ratio and phagocytic index are that the sampling of the 100 cells read
for phagocytic index did not truly represent the incubation system or, a
substantial number of leukocytes may have died during incubation and the
manipulations of the test or, there is a minimal (Castro ef a!,. 1972:
Oginsky & Umbreit, 1959) chance that the bacteria multipled during the
incubation period.
From Table 9 it is noted that there was a 17% difference between
the fasting and 2-hour initial colony counts in the number of colony
forming units introduced into the incubation mixture for the bacteri
cidal tests.

Both were taken from the incubation mixture at the same

step in the order of operations of the tests, although 2 hours apart, so
they should have been approximately the same.

The explanation for the

decrease in colony count seems to be found in Table 6 where it is noted
that there was 21% difference in the average colony count at fasting and
the average colony count 2 hours later in the inoculation suspension
itself.

Apparently vigorous shaking and readjustment of suspension

turbidity were not sufficient to overcome clumping of bacteria during
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the 2-hour holding tine between tests.
substantial number of bacteria died.

It does not seem likely that a
By comparing the individual

colony counts in Table 6, it can be seen that on some days the count
increased during the 2 hours, while other counts were nearly the same,
although the average of the 17 days decreased from the fasting tests to
the 2-hour tests.

It was because of this difference in the initial

counts that the results of the bactericidal tests were compared on the
basis of per cent change.

Table 10 shows the data of Table 9 expressed

as per cent decrease in the number of colony-forming units.
Tables 11 and 12 give the results of the phagocytosis and bacteri
cidal tests for two subgroups of the test population.

The 3 subjects

xtfhose blood glucose levels decreased from fasting to 2 hours post
prandial had a higher mean phagocytic index but essentially the same
bactericidal activity at two hours as the rest of the group.

The 8

subjects whose blood glucose levels exceeded 110 mg% 2 hours post.
prandial had a lower mean phagocytic index and greater per cent decrease
in colony-forming units at that time than did the rest of the group.
The data for these 2 subgroups tend to support the observations of
Sanchez and associates (1973) that fasting or lowered blood glucose
increase the phagocytic index, and that elevated blood glucose is
related to a lowered phagocytic index.

Increased bactericidal activity

in the hyperglycemic subgroup suggests that in the neutrophils of
diabetics and borderline diabetics, killing capacity may be enhanced
post prandially or when blood glucose is uncontrolled.

However, this

contradicts the report of Bagdade and associates (1974) that hyper
glycemia or a closely related factor may contribute to a defect in

52
bactericidal activity during periods of poor diabetic control.
Statistical analysis did not reveal a significant correlation
between the number of white blood cells of the subjects and their
phagocytic index in this study.

Reeser (1971) also failed to correlate

white blood cell count and phagocytic index.

Castro and associates

(19/2), however, reported a direct relationship between the number of
granulocytes and the per cent reduction in bacterial count due to
phagocytosis.

The data, however, show that the correlations were at

the extremes of less than 1,000 or more than 10,000 granulocytes.

With

a leukocyte count of between 2,000 and 5,000 this correlation was not
very apparent.
6,600.

The mean white blood cell count in this study was

See Table 7.

Perhaps at this level of leukocyte concentration

particle uptake was not entirely dependent on the number of granulocytes.
The greatest difficulty encountered in technique was to obtain a
difference in bacterial count between aliquots lysed in water and
aliquots diluted in normal saline.

It was expected that the integrity

of the leukocyte membrane would be maintained for short periods of time
in normal saline.

Thus there should have been fewer colonies from

saline dilutions than when the cells were lysed to give a total count
of bacteria in the system (Castro et al., 1968).

In actuality, the

number of colonies from saline dilutions was essentially the same as
from lysed samples.

Statistically, there was no difference in the data

from either method.

See Tables 4 and 5.

Perhaps this problem is

related to clumping of bacteria inside the cell, which was described by
Braude and Feltes (1953).

Though the results of the bactericidal tests

were not as expected when compared to similar techniques in published
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reports, the data is consistent and is undoubtedly reliable under the
conditions of the study.

SUMMARY

Diabetics are known to be more susceptible to bacterial and fungal
infections (Dickens et al., 1958; Hearst, 1967; Schauble & Baker,
1957).

This may be partly attributed to the reduced ability of

neutrophils to engulf and kill microorganisms (Bagdade et al., 1974;
Bybee & Rogers, 1964; Kijak et al., 1964).

In studies with normal,

healthy subjects, it has been demonstrated that the ingestion of
glucose can lower the 2-hour post prandial phagocytic index (averagenumber of organisms engulfed per neutrophil) in neutrophils when
compared to the phagocytic index in fasting blood (Kijak et al., 1964;
Sanchez et al., 1973).

These findings prompted the present study to

discover whether glucose ingestion affects the ability of leukocytes
to kill bacteria once they are within the cell.
Five to 10 milliliters of venous blood were collected from each.
of 21 subjects after an overnight fast and at 2 hours following the
ingestion of 100 grams of dextrose.

Two milliliters of blood were

incubated with 10-^ Staphylococcus epidermldis organisms for 120
minutes.

Aliquots were removed from the incubation mixture before and

at the end of the period, diluted, plated on nutrient agar and
incubated overnight.

The per cent decrease in number of colony-forming

units during the 120-minute incubation period was the measure of the
bactericidal activity of the leukocytes.

Phagocytic index and blood

glucose levels at fasting and at 2 hours post prandial were determined
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for each subject.
The mean fasting blood glucose for 20 of the 21 subjects was within
normal range; the 2-hour blood glucose level was slightly greater than
normal post prandial values.

There was an 11% decrease in the mean

p<0.10).

The bactericidal capacity of leukocytes varied from subject to

subj ect.

There was a 63% mean decrease in colony-forming units during

the 120 minutes incubation of bacterial with whole blood.

The mean per

cent decrease in colonies in fasting blood was not statistically dif
ferent from the mean per cent decrease in post prandial blood.
The results from 21 subjects indicate that under the conditions of
the present study an elevated blood glucose due to ingestion of glucose
does not affect, the bactericidal activity of human leukocytes.

It would

seem that once bacteria are inside the neutrophil» inactivation by the
bactericidal processes is not affected by the amount of glucose in the
blood.

For three subjects whose blood glucose levels decreased from

fasting to 2 hours post prandial, the phagocytic index was higher at 2
hours, but the bactericidal activity remained the same.

However, 8

subjects whose blood glucose levels exceeded 110 mg% 2 hours post
prandial had a lower mean phagocytic index, yet a greater mean per cent
decrease in colony-forming units at 2 hours than did the rest of the
group.

The data tend to support the findings of Sanchez and associ

ates (1973) that fasting increases the phagocytic index and that hyper
glycemia is related to lowered phagocytic index.

Increased bactericidal

activity in the hyperglycemic subgroup suggests that killing capacity
may be enhanced in the neutrophils of diabetics and borderline diabetics
post prandially or when blood glucose is uncontrolled.

However, this
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does not agree with the findings of Bagdade and associates (1974) that
hyperglycemia may be a contributing factor to impaired bactericidal
activity during periods of poorly controlled diabetes.
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ABSTRACT

The bactericidal test has been used to determine whether the
consumption of concentrated carbohydrate affects the ability of human
leukocytes to destroy bacteria.
of glucose.

Subjects were given a dose of 100 grams

Two hours later a blood sample was drawn and incubated with

Staphylococcus epidermidis for 120 minutes.

There was no significant

difference in the bactericidal activity of leukocytes of blood two
hours following the ingestion of glucose from the bactericidal activity
of fasting blood.

A count done simultaneously with the bactericidal

tests of the average number of single cocci engulfed per polymorpho
nuclear leukocyte showed a slightly lower phagocytic index in blood
collected two hours after the ingestion of glucose than in fasting blood.
There is evidence to indicate that the ability of the neutrophil
to phagocytize particles was impaired by post prandial blood glucose
levels.

However, once organisms had entered the neutrophil the ability

of the cell to kill the organisms was not affected by blood glucose
levels.
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